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ABSTRACT 
Circadian rhythms are generated by internal biological clocks of organisms and 
are responsible for the synchronization of an organism’s external and internal 
environment. The cells responsible for conducting and maintaining the circadian system 
are known to be coupled in order to maintain a harmonic rhythm. Desynchronization of 
the master circadian rhythm can cause the presence of two or more rhythms to emerge in 
a single organism, also known as splitting behavior. Photopollution and artificial light is 
known to disrupt this synchronization and result in a desynchronized or split rhythm. 
Many studies have highlighted that photopollution can disrupt the biological clock 
suggesting that artificial light may have a positive correlation with the splitting of the 
circadian behavioral rhythms in mice. This thesis will present a brief overview of the 
cellular and neurological basis for circadian rhythms and what is known about the 
synchronization of circadian clocks throughout the body. In the present study, locomotor 
activity and circadian behavior were analyzed to highlight patterns of circadian 
desynchronization and its relationship to photopollution. Specifically, previously 
collected data on the circadian locomotor activity rhythms of C57BL/6J mice exposed to 
0, 6, 20, and 32 lux levels of night time light were analyzed and the splitting behavior 
was quantified. We hypothesized that photopollution will have a positive correlation with 
the splitting of the circadian behavioral rhythms in mice. It was discovered that 
increasing levels of night time light positively correlated with increased splitting 
behavior. The individual rhythmic component tau varied across light levels and a 
significant decrease in amplitude was found as the level of night time light increased. 
Analysis of the emerging secondary rhythms highlight a significant difference in period 
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and power with increasing levels of night time light. These results support the correlation 
between photopollution and splitting behavior of circadian rhythms. This research has 
important implications for both wildlife and humans, specifically the inhabitants of urban 
environments that are inundated with artificial light putting their circadian system at risk 
of desynchrony. 
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INTRODUCTION  
Circadian rhythms are comprised of behavioral, physical, and mental changes that 
follow a daily (24 hour) cycle and can influence many physiological functions. These 
rhythms are an emergent property of the integration of multiple internal biological clocks 
at the cellular level (Gooley, 2018). These internal biological clocks are innate timers that 
produce and regulate the timing of circadian rhythms. Circadian clocks establish 24-hour 
rhythms by synchronizing behavioral and physiological processes with the organism’s 
environment. Ultimately, these rhythms influence functions such as sleep, hormone 
release, energy utilization, food intake, glucose metabolism, and the activity of 
hepatocytes and adipose tissue, along with many other important functions (Herzog, 
2007; Stenvers et al., 2016).  
In mammals, all of our peripheral clocks are coordinated by a master circadian 
clock in the suprachiasmatic nucleus (SCN) of the hypothalamus (Welsh et al., 2010). 
The anterior hypothalamic suprachiasmatic nuclei are responsible for coordinating the 
circadian rhythm of the body by transmitting signals throughout the brain and body 
(Herzog, 2007; Klien et al., 1991). The synchronization of the multiple rhythms is 
produced by approximately 20,000 individual SCN neurons into a singular rhythmic 
pattern establishing the master circadian rhythm (Enoki et al., 2012). The SCN receives 
input from the organism’s external environment by quantifying the quantity of light 
obtained by the visual system. Light information is detected through the eye and multiple 
pathways (including the retinohypothalamic tract) send signals to synchronize the nerve 
cells in the SCN. The population of SCN neurons synchronize through neuropeptide 
diffusion, gap junctions, synaptic signaling, and nitric oxide signaling (Granada et al., 
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2011). Depending on the amount of light received from the external environment, the 
SCN varies the amplitude and quantity of signals to control circadian rhythms (Herzog, 
2007; Klien et al., 1991). Light therefore, in mammals, synchronizes the internal 
biological clock rhythm to the external time.  
The SCN also transmits signals to other parts of the brain such as the ventrolateral 
preoptic nucleus and the lateral hypothalamus to communicate the time of day (Welsh et 
al., 2010). Pittendrigh & Daan (1976) proposed that the SCN is entrained by the neuronal 
inputs from the retina to establish the circadian day and night cycles by synchronizing 
two coupled oscillators (Abrahamson & Moore, 2001; Pittendrigh & Daan, 1976). The 
two SCN oscillators have been classified as “evening” and “morning” type; one oscillator 
for the night and one for the day which act freely, but develop a stable phase relationship 
to form a singular rhythm to maintain/establish daily rhythms (Pittendrigh & Daan, 1976; 
Yoshikawa et al., 2017). It is strongly believed that this relationship between these two 
oscillators leads to the synchronization of the internal biological clock rhythm to the 
external time, or entrainment. The process of entrainment utilizes cues like irradiances, 
light, and/or other environmental signals to synchronize our cellular clocks to the external 
environment (Harrison et al., 2016; Stenvers et al., 2016).  
At the cellular level, the 24-hour cycle is produced by multiple interlocking 
transcriptional/translational feedback loops generated in all oscillating cells.  These 
molecular clocks are all coordinated by the master circadian pacemaker in the SCN 
(Harrison et al., 2016; Herzog, 2007; Welsh et al., 2010). The interlocking of feedback 
loops produced by individual oscillating cells gives rise to a phenomena known as 
coupling (Harrison et al., 2016; Herzog, 2007). Coupling is the synchronization of the 
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multiple oscillations produced by the SCN to establish a strong, singular circadian 
rhythm. This synchronization of the multiple independent rhythms to a singular rhythmic 
pattern establishes an individual's circadian rhythm (Silver, 1996). Coupling can induce 
and amplify transmission of the signals and maintain the rhythm uniformly, thus causing 
strong oscillations throughout the brain and body (Harrison et al., 2016; Herzog, 2007). 
Coupling may induce amplitude expansion where weaker rhythms collaborate to create a 
single strong, unified signal (Schmal et al., 2018). The Oscillator Theory predicts that 
coupling strength is indicated by phase, period, and amplitude distribution. Coupling 
strength is crucial for optimum performance of circadian systems (Schmal et al., 2018). 
The master circadian pacemaker (SCN) is responsible for transmitting signals to 
the circadian clocks in the peripheral systems. The clocks in the peripheral systems are 
responsible for establishing the cycles responsible for the physiological functions and 
maintaining the metabolic function. As a result, the sleep cycle, food intake, glucose 
metabolism, and the activity of hepatocytes and adipose tissue all oscillate with a 
circadian rhythm (Stenvers et al., 2016). The peripheral clocks in tissues like the liver are 
impacted by food intake, especially at varying times (Kecklund & Axelsson, 2016). It is 
suggested that improvement in the feeding–fasting cycle that sustains a robust circadian 
clock in peripheral organs can have health benefits (Kecklund & Axelsson, 2016; 
Knutsson, 2003). It is plausible that coupling can exist in non-SCN cells like fibroblasts 
and hepatocytes; thus, the density of fibroblast cell cultures impacts rhythmicity; 
however, coupling strength is not sufficient to obtain a complete synchronization 
(Noguchi et al., 2013). Improving the synchronization of physiological, metabolic, and 
neural rhythms can promote the overall organism’s health (Szczepanik, 2007).  
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In mammals, experiments were conducted to disrupt the biological clock by 
manipulating the intensity and longevity of the light/dark cycles (Stenvers et al., 2016). 
These studies discovered that some mammals exposed to various light/dark cycles exhibit 
altered sleep/wake cycles and multiple overlapping rhythms (Harrison et al., 2016; 
Schmal et al., 2018; Stenvers et al., 2016). These mammals were seen to exhibit 
bifurcated patterns that indicate the presence of two rhythms in a single organism. 
Previously, bifurcation was strongly observed in hamsters; but, recent findings have 
illustrated that bifurcation can be observed in other mammals due to faint patterns in the 
circadian rhythm cycles of mice indicating that bifurcation is not limited to hamsters 
(Harrison et al., 2016; Schmal et al., 2018; Stenvers et al., 2016). The bifurcated rhythm 
may be responsible for behavioral changes arising from desynchronization. 
Desynchronization in the rhythms produced by the individual oscillators of the circadian 
system can disrupt the overall rhythm. Coupling strength between these individual 
oscillators becomes weaker and decreases the intensity of the primary rhythm. 
Overcritical or under critical coupling between the oscillating “evening” and “morning” 
SCN can impact the formation of the 24-hour rhythm (Herzog, 2007; Klien et al., 1991; 
Silver, 1996). Such desynchronization of the master circadian rhythm can result in the 
presence of two or more rhythms in a single organism, or splitting behavior. The 
desynchronization is also known to weaken the connection between the rhythms of the 
SCN and the peripheral clocks throughout the body. 
Cellular interactions resulting from the introduction of chemicals to the circadian 
system can also cause desynchronization (Kecklund & Axelsson, 2016; Knutsson, 2003; 
Schmal et al., 2018; Szczepanik, 2007). Melatonin is among the few chemicals that 
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dictates the cellular and bodily functions pertaining to the body’s rest and metabolic 
states (Szczepanik, 2007). Melatonin production occurs during the sleep cycle; but if the 
sleep cycle is disrupted, it can result in an imbalanced circadian system (Szczepanik, 
2007). Moreover, melatonin aids in maintaining the mammalian sleep/wake cycle. The 
synergistic relationship between melatonin and circadian rhythms can have positive 
effects that can synchronize the circadian system or negative effects that can lead to 
desynchronization of the SCN. The quantity of melatonin release can impact the quality 
of the rest, type of sleep, and time spent in the different sleep cycles (Stenvers et al., 
2016). Light, for example, can disrupt melatonin release from the pineal gland (Stenvers 
et al., 2016). A systematic review was done on light exposure and its impact on circadian 
rhythms, which showed that exposure of light in the evening and night time has an effect 
on the circadian phase of hormone levels; such as melatonin (Tahkamo et al., 2019). In 
many experiments, changing melatonin levels helps to identify the indirect interactions 
on a systemic level and its impact on the organism’s health. In in vitro experiments, 
however, other chemicals like Tetrodotoxin (TTX) are utilized to analyze the direct 
impact on a non-systemic level. TTX is a potent chemical used to prevent neurons from 
transmitting signals (Schwartz et al., 1987). TTX is a sodium channel blocker that can 
impact individual SCN by slowing the rate and amplitude of initial rapid depolarization, 
reducing cell excitability, and conduction velocity (Schwartz et al., 1987). As a result, the 
rhythm can be disrupted by decoupling the individual SCN neurons that normally work 
together to establish the oscillating pattern of the circadian system (Schmal et al., 2018).  
Light is a potent environmental stimulus that signals vital daily and seasonal 
modifications in the environment. Light is related to many ecological and biological 
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processes and is therefore a strong potential to act as an evolutionary selection pressure 
(Holker et al., 2010; Loss et al., 2014). Therefore, light has a substantial role in the 
entrainment of the circadian clock in most organisms. Light during the biological night 
has also been shown to result in decoupling and the formation of two rhythms, also 
known as splitting (Harrison et al., 2016; Schmal et al., 2018). In humans, night time 
light causes the system to think it is still day and promotes the wake cycle, even during 
the intended sleep cycle (Stenvers et al., 2016). A contributor to the issue of disrupted 
circadian rhythms is the use of personal devices by humans during the night time that has 
been on the rise (Taylor & Silver, 2019). Individuals are exposed to the artificial light 
during the biological night time through the use of devices in bed or some form of 
lighting (both indoor and outdoor) after sundown. Previous studies have shown that 
exposure to a constant source of light at night time can affect the circadian rhythms via 
the desynchronizing process of neurons that are regulating circadian clock, causing 
splitting behavior in rhythms and, in some cases, a comprehensive loss of rhythms 
(Emmer et al., 2018). 
Chicago has been known as one of the most photopolluted city in the U.S. 
(Kabada, 2018; NASA.gov). Photopollution is the excessive irradiance of artificial light 
used after sundown which alters the color and contrast of the sky and disrupts circadian 
rhythms. Photopollution is now prevalent around the world, especially in major cities. 
Subsequently, Hong Kong was named as the most light polluted city in the world. A 
study by the Hong Kong university identified the night sky in Tsim Sha Tsui, an urban 
neighborhood in Hong Kong, to be 1,200 times brighter than a typical urban city (Pun & 
So, 2012). An article in 2010 was published in the Ecology and Society Journal and 
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stated that the use of artificial lighting increases by 20% annually (Holker et al., 2010). 
Photopollution continues to rise as the demand increases for artificial light due to 
increased rates of urbanization. Urban areas tend to be photopolluted with artificial lights 
and mammalian exposure is increasing with urban expansion and population growth in 
cities (Bennie et al., 2015). As a result, 99% of humans around the world are at risk for 
altered circadian rhythms due to the increasing photopollution (Cinzano, Falchi, & 
Elvidge, 2001). Preliminary data on mammals exposed to photopollution models suggests 
that this system could also be used to better understand the coupling of circadian 
oscillators in the human brain and body (Harrison et al., 2016; Silver, 1996; Schmal et 
al., 2018).  
This thesis intends to analyze the impact of photopollution on circadian rhythms 
and specifically investigate the phenomena of splitting. Circadian locomotor activity 
rhythms of C56BL/6J mice exposed to photopollution will be analyzed to determine the 
strength of individuals rhythmic components and to identify patterns of splitting behavior 
by quantifying primary and emerging secondary rhythms that are representative of 
phenomena of splitting. We hypothesize that increasing levels of night time light 
(photopollution) will increase the desynchronization in the rhythms and positively 
correlate with the splitting of the circadian behavioral rhythms. This research has 
important implications for both wildlife and humans that are inhabitants of urban 
environments. The findings of this research can provide insights that can extend our 
understanding of the neurological, behavioral, and physiological basis of circadian 
rhythms, along with the impact of photopollution on urban populations.  
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METHODS 
Circadian behavioral testing was conducted using C57BL/6J mice at Northeastern 
Illinois University (Chicago, IL). Data on the circadian locomotor activity rhythms of 28 
male animals (mean age= 5.7 months SD= 0.7) was collected in three separate trials 
conducted in 2017-2019. Subjects were individually housed in a ventilated, light-tight 
cabinet with a running wheel and free access to food. Fifteen of the test subjects were 
provided with cardboard shacks to act as cover to more closely mimic a natural habitat. 
White LED lights were mounted above each cage which provided 12 hours of daytime 
light at a level of 1800 Lux and 12 hours of night time light that ranged from 0-32 lux. 
Daytime light intensity and duration remained constant for the duration of the 
experiment, while night time light levels increased every 4 weeks from 0 lux to 6, 20, and 
32 lux, respectively. The duration and intensity of the light was maintained with the 
Clocklab program (Actimetrics; www.actimetrics.com). The Clocklab software 
continuously recorded wheel running activity for all animals and was used to conduct 
data analysis. 
For this research, Clocklab was used to visualize the actograms for each 
individual animal and quantify the locomotor activity for the final 21 days of each light 
condition. A chi-square periodogram was used to statistically identify the strength of the 
individual rhythmic components (power value/intensity), the circadian period (Tau), and 
identify patterns of splitting behavior. Splitting behavior, for the purpose of this study, 
was functionally defined as a periodogram that displayed multiple peaks between 18 and 
30 hours with different power and tau values separated by a drop below the significance 
threshold between the peaks. An example of such periodograms can be seen in the lower 
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panel of Figure 1B and 1C. These periodograms depict the occurrence of one strong, high 
powered (termed the primary period for the remainder of this thesis) peak at 24 hours 
accompanied by a second low powered, non 24-hour peak (termed the secondary period 
for the remainder of this thesis). In the lower panel of Figure 1B, the primary period is at 
the 24-hours with an amplitude of about 3500, while the secondary periods can be seen at 
a non-24-hour value with an amplitude of about 1500. In the lower panel of Figure 1C, 
the primary 24-hour period with an amplitude of 3800, while the secondary periods can 
be seen at a non 24-hour value with an amplitude around 1000. In periodograms with 
multiple secondary peaks, all analyses utilized the secondary peak with the strongest 
intensity. In a non-split subject, a single period at 24-hours with an amplitude of 5990.2 
can be seen in the lower panel of Figure 1A.  
In addition to the periodogram analysis, splitting was also confirmed by a visual 
observation of the individual actograms. In a visual observation of a split subject’s 
actogram (top panel of Figure 1B and C), the actogram depicts representative split 
behavior due to circadian desynchrony arising from two distinct periods. The subject’s 
locomotor activity is present during the night time and has a strong vertical rhythm that is 
synchronized with the onset of the night phase. This corresponds to its primary period; 
however, the subject’s activity also depicts a second rhythm with a strong slope down to 
the right, corresponding to an emerging secondary, non 24-hour period (Fig. 1B). The 
fact that both of these independent rhythms are observed in the same subject provides a 
perfect example of splitting. We interpreted the presence of a secondary rhythm in 
locomotor activity as an indication of splitting behavior. Such behavior also suggests the 
desynchronization or uncoupling of independent rhythms in the SCN.  
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         Microsoft Excel was utilized to organize and analyze the chi-square 
periodogram’s amplitude and period values. Statistical analyses were conducted by 
calculating the mean amplitude and period values of the different test groups, trials, lux 
level groups, and independent batches. Subjects were classified in a binary manner with 
their observed behavior classified as split or non-split for both the periodograms and 
actograms across the different (0, 6, 20, and 32) lux levels. Values of tau and power were 
grouped according to night time lux level, shack vs no-shack, and primary vs. secondary 
rhythms (periods and amplitudes). Individual comparisons of primary and secondary 
periods and amplitudes were made using an ANOVA followed by a Tukey & Kramer 
post hoc test to identify the significance. Two-way comparisons of rhythm type and light 
level utilized a two factor ANOVA that was used to compare the primary and secondary 
values and shack vs non-shack groups at different lux levels. Chi-Square analyses were 
conducted to identify whether the introduction of light (at all levels) had an impact on the 
occurrence of splitting behavior and whether the presence of cover had an effect on the 
splitting behavior. The percent of splitting occurrence (rounded to whole numbers) in 
both shack and non-shack groups at 0 lux was averaged and used as the expected value 
and each percentage at the different lux were inputted as observed into the Chi-Square 
analyses. A linear model analysis was conducted on the mean rhythmic components 
(primary or secondary) to identify the rate of change across the increasing light levels and 
to determine if there were significant differences due to the presence of cover. 
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RESULTS 
Identification of Splitting Behavior 
In Figure 1, the actograms (Top) and corresponding chi-squared periodograms 
(Bottom) depict 21 days of locomotor activity of subjects exposed to either 0 or 32 lux of 
night time light. Representative activity from a normal 24-hour, non-split rhythm (0 lux) 
can be visualized in column A. Locomotor activity (Top) is mostly present in the night 
time (7PM-7AM), with little activity during the day. Similarly, the chi-square 
periodogram of these same 56 days exhibit a single, high amplitude peak at 5990.2 that is 
demonstrating a very robust circadian (24-hour) rhythm in this animal (Fig. 1A). The red 
line in the bottom panel is indicating the threshold for significance from the critical value 
of the Chi-Square analysis (Fig. 1). 
In Figure 1, columns B and C depict representative activity from subjects with 
split circadian rhythms (32 lux). In column B, circadian splitting is visualized with 
activity present during the night and some activity during the daytime. A subtle onset of 
activity during the start of the night at the 10-hour period mark is observed; however, 
activity appears to be shifted on the following days and the onset of activity occurs later 
in the night. As the days progress, activity can be seen to shift to the right creating a non-
vertical pattern corresponding to the secondary rhythm while the primary rhythm onset 
aligns with the beginning of the night cycle. The periodogram (Fig. 1B: bottom panel) 
also depicts multiple peaks that fit our functional definition of splitting. In Figure 1B, 
lower panel, this primary period at the 24-hours has an amplitude of 3490, while the 
secondary periods can be seen at 25.2 and 26.3 with amplitudes of 1502 and 1445, 
respectively.  
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Figure 1C represents another example of splitting behavior as seen by the non-
vertical sloped onset of activity in the night time representing the emergence of a 
secondary rhythm. In the periodogram (Fig. 1C: lower panel), the primary 24-hour period 
with an amplitude of 3780 can be seen, while the secondary periods can be seen at 24.9 
and 25.8 with amplitudes of 1130 and 863, respectively. Meanwhile, the actogram 
illustrates the elongated period depicted by the slope created by the activity that is 
occurring at a later time than the previous day, similar to Figure 1B. 
Analysis of Rhythms 
The proportion of subjects observed to exhibit splitting behavior in actograms and 
periodograms is depicted in Figure 2. Periodogram observations revealed a higher 
proportion of subjects with splitting behavior (n=17; Fig. 2A: black bars) than those 
based on a visual inspection of the actogram (n=7). Overall, 25% of the subjects were 
identified to exhibit split behavior in the actograms (Fig. 2B) and 61% of the subjects 
were identified to exhibit the splitting behavior from the chi-squared periodograms (Fig. 
2C). A chi-square analysis revealed a significant increase in the occurrence of splitting 
behavior with the presence of night time light from 1.8% instances of splitting at 0 lux to 
an average of 30.9% instances from 6 - 32 lux (𝝌2(1, N= 3) = 632.14, P= 4.86E-138). 
The quantification of the circadian period and the corresponding intensity of 
individual circadian rhythmic components across increasing levels of night time light 
(lux) is depicted in Figure 3. The distribution of primary periods of all subjects (n=28) at 
0, 6, 20, and 32 lux is represented in Figure 3A. One-way ANOVA revealed a significant 
difference in the circadian period across light levels (F3,108= 7.051, P= 2.253E-4). Post 
hoc testing revealed significant differences in the period lengths of 6 lux (24.06 +/- 
13 
0.131) and 32 lux (24.01 +/- 0.085) in comparison to the period length at 0 lux (23.95 +/- 
0.038) of night time light (TK= 0.111 and 0.064, respectively), demonstrating that the 
period at 6 lux (24.06 +/- 0.131) of night time light is similar to 20 lux (23.99 +/- 0.085) 
and 20 lux is similar to zero and 32 lux.  
While periods were relatively stable, the corresponding intensity of the primary 
period of all individuals decreased significantly with increasing lux levels (Fig 4B). One-
way ANOVA revealed a significant decrease in the amplitudes across the light levels 
(F3,108= 2.689, P= 1.41E-10).  Post hoc testing revealed significant differences between 0 
lux (2718.3 +/- 898) and 6 lux (1897.4 +/- 914), 20 lux (1483.1 +/- 545), and 32 lux 
(1296.3 +/- 494; TK= 820.9, 1235.2, and 1422.1, respectively), demonstrating that the 
strength of the primary periods is affected from the introduction of night time light. 
Furthermore, the strength of the periods at 6 lux were significantly different from 32 lux 
(TK= 601.1) suggesting an inverse correlation in the intensity of night time light and the 
strength of the primary period. 
Representation of the primary periods of only subjects that displayed splitting 
behavior (n=17) in comparison with their emerging secondary periods can be seen in 
Figure 3C. A two-way ANOVA for light levels and rhythmic components (primary and 
secondary periods) indicated a significant difference in the rhythmic components with 
secondary periods (6 lux = 24.13 +/- 2.65; 20 lux = 25.23 +/- 1.28; 32 lux = 24.76 +/- 
1.63) being significantly longer than the primary periods for these animals (F1, 50= 4.612, 
P= 0.0367). However, there was no significant difference among the lux groups and no 
significant interaction was found between light level and rhythmic components; 
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demonstrating that the increase in light level impacted the primary and secondary periods 
in a similar way.  
Further analysis of the corresponding intensity of the rhythmic components across 
light levels had a similar outcome (Fig. 3D). A significant difference from a two-way 
ANOVA was found in the rhythmic components between the intensity of the primary and 
secondary periods (F1, 50= 0.091, P= 9.03e-13), suggesting that the intensity of the 
secondary period of subjects with splitting behavior at 6 lux (373.5 +/- 39.4), 20 lux 
(412.7 +/- 39.7), and 32 lux  (427.7 +/- 101.2) are different from the primary period 
intensities across the lux groups. Furthermore, post hoc tests revealed the difference 
between 6 lux and 32 lux as well as a difference between 20 lux and 32 lux (F2, 50= 5.728, 
P= 0.00575, TK= 0.024 and 0.008). However, there was no significant interaction 
identified between light level and rhythmic components demonstrating that subjects with 
split behavior were not significantly affected by the increasing light levels. The lack of an 
interaction and difference in the strength of the secondary periods suggests that split 
subjects are not affected by increasing intensity of light.  
Cover Analysis 
Subjects were analyzed to determine if the presence of cover (shacks) combined 
with increasing night time light had an impact on splitting. The shack group (n=15) 
displayed a similar overall pattern of increased splitting with increasing levels of night 
time light when compared to the non-shack group (n=13; Fig. 4A). In the shack group, a 
chi-square test comparing the percentage of splitting at 0 lux to splitting at 6, 20, and 32 
lux revealed the occurrence of splitting increased significantly with the introduction of 
night time light (𝝌2(1, N= 3) = 2003.6, P< 0.0001). In the non-shack group, the chi-square 
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test revealed that the occurrence of splitting also followed a similar pattern as the shack 
group with a significant difference in the amount of splitting with night time light (𝝌2(1, 
N= 3) = 1270.7, P< 0.0001). Moreover, the distribution of splitting in the periodograms 
across the light levels had no significant difference between subjects with shacks and no 
shacks. The strong significance in chi-square values is suggesting that shacks made no 
difference in the occurrence of splitting behavior, but the total occurrence of splitting 
increases with the increase in night time light in both groups (Fig. 4A). Overall, the 
occurrence of splitting behavior observed in the actogram and periodogram for the 
subjects with shacks was relatively equivalent, 59% and 57% (n=17 and n=7, 
respectively) when compared to the non-shack group. 
Using a linear model, the rate of change (slope) for mean rhythmic components 
across light levels with shack and non-shack groups were compared. There was no 
difference in the primary periods between shack (24hr +/- 0.111 with a slope value of M= 
0.012) and non-shack groups (24hr +/- 0.082 with a slope value of M=0.015; F1,108= 
0.022 with P= 0.883; Fig. 5A). The lack of a significant difference in the slopes suggests 
that the change in primary period length across light levels is similar between the shack 
and non-shack groups. Moreover, there was no significant difference in the slope change 
between periods with 0 lux of night time light and periods with any amount of night time 
light (F1,108= 0.974 with P= 0.326). The interaction of cover and light level on the 
subjects had no significant impact on the rate of change in the primary period length 
between the groups (F1,108= 0.098 with P= 0.755), suggesting that the presence of a shack 
does not impact the primary period. 
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Similar to the period, there was also no significant difference in the change of 
intensity between the shack (1723 +/- 805.3 with a slope value of M= -478.8) and the 
non-shack groups (1994 +/- 1011.3 with a slope value of M= -455.7; F1,108= 3.524 with 
P= 0.063; Fig. 5B). However, there was a significant difference in the change between 
the intensities of the primary periods with 0 lux of night time light and intensities of the 
corresponding periods with any amount of night time light greater than 0 lux (F1,108= 
47.46 with P= 3.9E-10). The interaction of cover and light level had no significant impact 
on the rate of change in the corresponding intensity of the primary period between the 
groups (F1,108= 0.003 with P= 0.957). The negative slope depicted in the graph is 
representative of the decreasing intensity of the primary period at the 24-hour mark in 
both shack and non-shack groups, suggesting limited effect of the shack on the subjects 
(Fig. 5B).  
An in-depth analysis of the splitting behavior revealed no significant difference in 
the slope of the secondary periods of subjects with splitting behavior between the shack 
(24.85hr +/- 1.68 with a slope value of M= 0.083) and non-shack groups (24.86hr +/- 
2.17 with a slope value of M= -0.307; F1,25= 0.009 with P= 0.924; Fig. 5C). Moreover, 
there was no significant difference in the slope change between periods with 0 lux of 
night time light and periods with any amount of night time light (F1,108= 0.278 with P= 
0.603). The interaction of cover and light level had no significant impact on the rate of 
change in the secondary period values between the groups (F1,25= 1.324 with P= 0.261). 
The negative slope depicted in the graph is representative of the decreasing length of the 
secondary period in one of the groups seems to suggest there is a difference, however 
there is no significant difference in the effect of the shack on the subjects (Fig. 5C).  
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Furthermore, analyzing the intensity of the secondary periods of the split subjects 
revealed a similar trendline in which the shack group (425 +/- 93.5) had a decreasing 
slope value (M= -67.1) while the non-shack group (403 +/- 74.7) had a positive slope 
(M= 23), as seen in Fig. 5D. However, there was no difference in the slopes between the 
two groups (F1,25= 1.89 with P= 0.184). To the contrary, there was a significant 
difference in the intensity change between 0 lux and intensities greater than 0 lux of night 
time light (F1,108= 27.72 with P= 1.88E-05). The interaction of cover and light level also 
had no significant impact on the rate of change of the corresponding intensity of the 
secondary period values between the shack and non-shack groups (F1,25= 0.0001 with P= 
0.992). While no significant differences were found, the P-values greater than 0.05 
contradict the slopes of the strong trend lines; suggesting the exposure to night time light 
may interact with the presence of cover. The data seems to suggest that additional 
experiments will be required to further evaluate the impact of cover access on splitting 
behavior in mammals.  
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DISCUSSION 
The presence of night time light had a significant effect on the locomotor activity 
and circadian behavior of the mice tested. Furthermore, the occurrence of splitting 
behavior with night time light supports our hypothesis that splitting frequency increases 
with increasing levels of night time light (Fig. 2A). Our findings of a positive trend 
observed with increasing light levels and the occurrence of splitting rhythms align with 
the results from previous studies conducted on hamsters; which demonstrated that when 
the subjects were kept under constant light with gradually increasing intensities of light, 
splitting behavior increased (Puchalski &Lynch, 1991).  
As seen in Figure 1, locomotor activity of mice exhibiting normal circadian 
rhythmic pattern had a strong onset of locomotor activity at the start of the night and the 
periodograms depict a high amplitude 24-hour primary period (Fig 1A). Moreover, the 
bulk of the activity occurred during the night and was consistent till night time light was 
introduced. As seen in Figure 1B and 1C, the subjects are exhibiting splitting behavior 
with locomotor activity in the actograms different from the normal parameters and 
periodograms with significant secondary periods. The periodograms identify a primary 
24-hour rhythm with a weaker amplitude accompanied by a low amplitude non 24-hour 
period which may be evidence of desynchronization of the circadian system. The 
actograms used the same protocol and equipment as ones quantified previously (Schirmer 
et al., 2019). It was concluded that the introduction of night time illumination 
significantly decreases the overall total locomotor activity of the subjects (χ2 = 55.83, 
P < 2.17E-11; Schirmer et al., 2019). Similar findings were also obtained in Datta et al.’s 
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study that showed a positive correlation between exposure of light at night and decreased 
locomotor activity (2019).  
The emergence of a secondary rhythm was observed in 61% of the periodograms 
and was verified by the corresponding actogram (Fig. 2). Furthermore, not all subjects 
experienced splitting at the same lux level or time. Some subjects displayed splitting 
behavior when exposed to higher light levels after an extended period of exposure 
compared to other subjects. The presence of splitting behavior in some (but not all) 
subjects can be explained by the interindividual differences between the subjects. Phillips 
et al. highlighted that there are differences in individual subjects to the degree of light 
sensitivity in comparison to other subjects (2019). The sensitivity and the SCN’s intrinsic 
capacity to synchronize can play a role in the circadian patterns and influence the 
subject’s sleep. Nonetheless, it is crucial to highlight that there was a significant increase 
in the occurrence of splitting behavior from 1.8% instance of splitting at zero lux to an 
average of 30.9% instances with the addition of night time light (𝝌2(1, N= 3)= 632.14, P= 
4.86E-138). Differences in light sensitivity is one explanation for the variation of 
desynchronization and presence of splitting behavior at different light levels.  
The significant difference in period length across the different lux levels indicate 
that night time light may have an effect on the primary period (P= 2.253E-4). As 
presented in Figure 3, the primary rhythm at 0 lux had a smaller range of period values 
when compared to periods during exposure to night time light at 6, 20, and 32 lux. 
Moreover, we observed similar results to another study conducted on humans exposed to 
the stimulus of night time light. Experiments conducted on normal, young individuals 
described that light can act as a strong stimulus and can show a rapid effect on the timing 
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of the circadian system in humans (Allan & Czeisler, 1994; Czeisler et al., 1989). In the 
study, young adults were given light as a stimulus for 2-3 days. The study kept the light 
intensity, duration, and spectral distribution constant, but only varied the timing at which 
the initial light stimulus was given (Allan & Czeisler, 1994; Czeisler et al., 1989). It was 
shown that humans, along with other organisms, are very sensitive to light stimulus 
throughout the biological night and in comparison, less sensitive in the middle of the day 
(Duffy & Czeisler, 2009). The subjects of our study also appeared to be very sensitive to 
light because we observed an increased distribution of the primary periods and a decrease 
in the corresponding amplitude of the primary periods when night time light was 
increased to 6 lux from 0 lux, further supporting our hypothesis.  
In split individuals, a significant difference was found between the primary and 
secondary periods and amplitudes with the addition of night time light (P= 0.0367 and P= 
9.03E-13, respectively). Subjects with splitting behavior had secondary period lengths 
that were either shorter or longer than 24 hours, even with the lowest level of night time 
light. The presence of these weak, non 24-hour periods may be indicative of 
desynchronization or uncoupling of independent rhythms in the SCN. Based on this, one 
might hypothesize that levels and intensity of splitting behavior (longer secondary 
periods and higher secondary amplitudes) would increase at 32 lux in comparison to 6 
lux. However, our data does not support such a hypothesis and no significant interaction 
between secondary periods, amplitudes and light level was found. This suggests that 
increasing levels of night time light does not increase the severity of splitting behavior. In 
order to support the claim that increasing night time light does not increase the severity of 
splitting behavior, additional experiments will be needed where animals are exposed to 
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higher levels or longer exposure times to verify that increased night time light does not 
increase the level of circadian disruption. 
The presence of shacks in the cages was to provide some form of coverage from 
direct light for nearly half the subjects (n=13). The presence of shacks intended to more 
profoundly mimic a natural environment and allow the subject to seek cover when resting 
during the daytime. The presence of cover should allow the subject to experience less 
light disturbance than the non-shack subjects. Overall, the observation of splitting 
behavior in actograms (59%) and periodograms (57%) was about the same (Fig. 4). Since 
the periodogram data was less prone to human error or bias, we used this to plot the 
distribution of splitting occurrence in Figure 4 for subjects with access to cover and for 
those without. There was a significant increase in splitting occurrence for both groups 
when night time light was added (P< 0.0001). The subjects with access to cover were 
anticipated to experience fewer occurrences of splitting behavior and the emergence 
of splitting behavior to occur towards higher levels of night time light. However, no 
differences were found when subjects were analyzed for splitting behavior under shack 
and no shack conditions. Over the course of the study, holes were observed in the shacks 
when some of the subjects chewed the shacks and those shacks were replaced with new 
ones. It is plausible that the holes, created by the subjects, were enough to create similar 
light exposure levels to individuals that had no access to cover.  
While no significant overall difference was identified between the shack and non-
shack groups, increasing levels of night time light may impact the rate of change 
differently for groups with and without cover. Using a linear model, we analyzed the rate 
of change of the mean rhythmic components for individuals with and without shacks. No 
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significant differences were found suggesting that the presence of shacks had little impact 
on the rate of change of the primary period and the corresponding intensity of the primary 
period between the groups as night time light was increased from 0 lux to 32 lux. The 
lack of a significant difference in the slopes supports the assumption that the change in 
primary period and corresponding intensity across light levels is similar between the 
shack and non-shack groups. Moreover, there was a non-significant difference (P= 0.063) 
in the slope change between the intensities of the primary periods at 0 lux of night time 
light and with any amount of night time light between the shack and non-shack groups. 
This non-significant difference is close to the significant threshold and may suggest that 
access to cover could have some subtle impact on the subject’s behavior. When observing 
Figure 4B, the mean amplitudes of the primary periods of subjects with access to cover 
are consistently lower than the non-shack group across the light levels. It is plausible that 
the presence of shacks in the cages may alter the primary period because a decreased 
corresponding intensity weakens the primary rhythm. Furthermore, this weakening of the 
primary rhythm could increase the probability of secondary rhythms’ emergence and may 
explain the increased occurrence of splitting behavior in subjects with access to cover 
(66.67%) compared to subjects with no access to cover (53.85%). It may be assumed that 
a subject with no other option besides being exposed to night time light may undergo 
some type of habituation to the environment quicker than a subject with access to cover. 
Switching from shack coverage to low level of night time light may make these 
individuals more susceptible to disruption of the circadian system.  
The secondary periods and their corresponding amplitude of subjects exhibiting 
splitting behavior from both groups, shack and non-shack, had similar mean values across 
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the light levels. The lack of significant differences in the statistical analysis in the rate of 
change in mean rhythmic components supports the idea that both groups, shack and non-
shack, are affected in a similar manner by the increasing night time light. The inverted 
trend lines in Figure 5C that is depicting an elongating secondary period as night time 
light is increasing for the shack group, while a shortening secondary period for the non-
shack group may be explained by the lack of data at 0 lux and from fewer splitting 
occurrences at 6 lux. Similarly, the intensity of the corresponding secondary period 
depicts similar trendlines in Figure 5D that can also be explained by the lack of 
secondary periods and splitting occurrence in the non-shack group at lower levels of 
night time light. However, subjects in the shack group seem to exhibit more splitting 
behavior earlier with exposure to smaller intensity of night time light compared to the 
group of subjects with no access to cover. Further supporting our previous habituation 
hypothesis. The lack of data and smaller sample size seems to suggest that additional 
experiments will be required to further evaluate the impact of cover access on splitting 
behavior in mammals.  
The findings of this study support the hypothesis that exposure to night time light 
correlates with the increased emergence of splitting behavior. This behavior appears to be 
the same in individuals with and without access to cover. Splitting behavior may indicate 
a desynchronization between individual oscillators of the circadian system. Moreover, a 
study by Tahkamo et al that was conducted on artificial light exposure and its association 
with the disruption of physiological actions and disruption of the circadian system; 
conveyed that exposure of artificial light at night causes various negative effects 
involving disturbance of the normal circadian system and modified physiological actions 
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in the animal body (Tahkamo et al., 2019). Such desynchronization has the potential to 
influence other aspects of the organism’s physiology and could significantly impact 
mental and physical health.  
Desynchronization of circadian rhythms can have detrimental impacts on 
mammalian health. The organism’s body is at risk for cancer, obesity, sleep disorders, 
and disruption of neural plasticity, metabolism, endocrine system, enzymatic reactions, 
etc. (Navara & Nelson, 2007). Some previous studies also discussed the relationship 
between disrupted circadian rhythms and immune system disorders (Dengler et al., 
2015). Previous studies examining the detrimental effects of disrupting circadian rhythms 
by evaluating substantial disease conditions and organ systems, highlighted that it is still 
unclear whether diverse environmental or epigenetic disruptions have the same or diverse 
negative effect. Modified levels of essential hormones have been recognized as a risk 
factor because they can end up showing severe consequences; for example, in the form of 
metabolic disorders including diabetes, depression, stress, and cancer, etc. (Kumar et al., 
2019).  
Furthermore, a study found the link between disruption of the circadian cycle and 
sepsis. This study revealed that numerous immunological elements or factors are 
circadian: for example, interleukin-16 or toll-like receptors and tumor necrosis factor-
alpha can have circadian patterns and this correlation can influence the infectious 
diseases in patients (Silver et al., 2012). It is also suggested that beneficial effects can be 
seen by restoring the disturbed circadian cycle in the patients who are suffering from 
infectious diseases, for example, sepsis. Future research is needed to evaluate the 
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relationship between bacterial infections and the impacts of the disrupted circadian 
system (Eckle, 2015).  
Disruptions of circadian rhythms are also one of the main causes of mood 
disorders. Brain neurotransmitters, for example, serotonin, noradrenaline, and dopamine 
take part in the regulation of many vital physiological activities, involving the circadian 
rhythms. A study by Matsumura et al., suggested that the noradrenergic and serotonergic 
systems can be affected by light-dark cycles in the regions of the brain, but the light-dark 
cycle does not have any effect on the dopaminergic system (2015). All these systems take 
part in the regulation of circadian rhythms, behavior changes, and physiological stress 
responses (Matsumura et al., 2015). Another study showed that bipolar disorder and 
major depressive disorder (MDD) can be experienced in the case of the 
desynchronization of the circadian system (Hickie et al., 2013). Studies have linked 
genetic and environmental circadian cycle disruptions with the mood swings and mood 
disorders. Disturbing the circadian rhythms through shifting work and jet lag can present 
the worst mood disorder symptoms (Horsey et al., 2020).   
Previous studies have recognized that the calcium channel genes can act as risk 
loci for bipolar disorder (Nudell et al., 2019). The gene CACNA1C is responsible for 
synthesizing a calcium channel that contributes to the entrainment of the circadian system 
in response to the exposure of light. Ryanodine receptor, another calcium channel, also 
takes part in delays of the circadian phase. But it is uncertain whether CACNA1C 
variants or any other channel takes part in the circadian phenotype in bipolar disorder or 
not. To determine this, Nudell et al’s study hypothesized that circadian entrainment can 
be modeled and the circadian functions of calcium channels can be regulated in patients 
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with bipolar disorder by using temperature cycles. Fibroblasts from subjects had 
relatively lower amplitude of the rhythms under entrainment conditions when compared 
to the control. The study concluded that observations of rhythms under entrained settings 
revealed desynchronized rhythms in subjects with bipolar disorder that cannot be 
observed under the constant temperature settings (Nudell et al., 2019).  
A study done on ICU patients to evaluate the desynchronization in their circadian 
rhythms showed that ICU patients had higher levels of desynchronization in their 
circadian rhythms when compared to the healthy individuals (Lusczek, 2019). They also 
observed their plasma metabolic profiles and the study suggested that data from the 
clustering of plasma metabolic profiles can be used to trace patients (Lusczek, 2019). 
Recently, a Korean study found that misalignment or disruption of the circadian system is 
associated with the development of obesity in vivo and as well as in vitro (Kim et al., 
2019). The study determined the correlation between the disruption of the circadian 
system and the development of obesity in Korean men by means of a cross-sectional 
database. Results indicated that factors that are responsible for disturbing the circadian 
rhythms are associated with abdominal and general obesity (Kim et al., 2019).  
Past studies explored that cardiovascular disease risk factor differs among the day 
workers and shift workers within a defined population. It was investigated that shift work 
has been related to the higher risk of cardiovascular disease as compared to day work. 
Karlsson et al.’s study also found out that obesity, LDL, and high concentration of 
triglycerides appear together more frequently in shift workers when compared to the day 
workers; which is an indication of a correlation between metabolic disorders and shift 
work (2001). This is most probably happening due to disruption of the circadian rhythms 
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in these shift workers. Recent cardiovascular studies have reported the essential role of 
circadian rhythms in the pathophysiology of cardiovascular and metabolic diseases. The 
study described that polyphenols could modify the circadian rhythms and help to treat 
metabolic and cardiovascular diseases (Man et al., 2019).  
The exposure of light at night can also have an effect on memory. A behavioral 
study conducted on mice to analyze the effect of long-term continuous light on memory 
revealed that mice expressed increased spontaneous exploration and thigmotactic 
(response to stimulus of touch) behavior (Castro et al., 2005). Results supported that 
exposure of light increased locomotor activity, reduced locomotor functions (muscle 
memory), increased the anxiety level, and failure in memory was observed in old female 
animal models. In our current study, a female subject was accidentally included, and it 
was later identified to be part of the study. This accident broadens the scope to not only 
observe male subjects, but also include females when studying circadian rhythms. It is 
important to also identify the implications of this study on the female counterparts.  
The association between the circadian cycle and the female reproductive system 
has been evaluated previously (Juarez-Tapia & Miranda-Anaya, 2017). According to 
their study, the volcano mouse was used to evaluate the association between the circadian 
system and ovarian hormones; they found that ovarian hormones can affect or modify the 
distribution and amount of daily work in rodents. Results showed the behavioral and 
endocrine modifications associated with the estrous cycle and locomotor activity of the 
circadian system. Observations reported that intact mice showed a scalloped form of 
daily activity during the estrous cycle while the ovariectomy decreases the amount of 
daily activity. The study concluded that reproductive hormones released from the ovaries 
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in the volcano mouse can modify the locomotor activity of circadian rhythms (Juarez-
Tapia & Miranda-Anaya, 2017). It is significant to highlight patterns of circadian 
desynchronization and its relationship to photopollution due to its significant impact on 
mammalian circadian rhythms of males and females.  
Artificial light exposure can cause disruptions from a cellular level to the 
organismal level and affect processes like the metabolism and sleep/wake cycles since the 
processes are directed/timed by the circadian system (Hatori et al., 2017). Since light 
affects the secretion of various hormones, such as cortisol and melatonin, an influx of 
night time light through the visual system can disrupt the circadian system by chemically 
altering the efficacy of the neuronal pathways. Our results indicated that the presence of 
night time light has an impact on the behavior of mammals; even slight dim light during 
the night time was significant enough to have a detrimental impact on the circadian 
behavior of the subjects. Moreover, increasing the intensity of night time light was found 
to decrease the strength of the primary rhythms and increase splitting behavior supported 
by the emerging secondary periods. Desynchronization of the circadian rhythms reduces 
the coupling strength among the SCN; and the weakening of the rhythm can have a 
significant physiological impact on the organism. 
With the increasing presence of artificial light from photopollution, mammalian 
biological clocks are under constant threat of desynchrony and organisms are at an 
increased risk for a variety of disorders (described above). We observed an irregular 
pattern in the behavior of our subjects: supporting the alteration of the biological clock. 
Unwanted light can disorient wildlife from their biological time and have an effect on the 
feeding, sleeping, mating, and migration cycles (Perry et al., 2008; Rich & Longcore, 
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2013). Excessive night time light can make it difficult for mammalian wildlife to forage 
for food and impair some mammal’s night vision capabilities, thus decreasing predator 
identification and increasing mortality (Loss et al., 2014; Rich & Longcore, 2013). 
Artificial light decreases the visibility of astrological light like the starlight and 
moonlight, which is used by birds to migrate during the night. In North America alone, 
millions of birds collide with illuminated buildings and die because birds get distracted or 
fixated on the light source (Loss et al., 2014). The sky glow from light pollution also has 
an impact on amphibians like frogs and it confuses/disorients the species resulting in 
decreased natural instincts, eating, and mating activity (Holker et al., 2010). Moreover, 
insects like flies and moths are attracted to bright light sources and fail to follow their 
natural mating and migration duties, thus reducing their population and impacting the 
various species that utilize them for food and pollination (Holker et al., 2010; Loss et al., 
2014). The emerging issue of photopollution is not limited to wildlife, but also has a 
global impact on animals inhabiting urban areas. 
From the past decade, it is estimated that exposure to artificial lighting has been 
increasing by 6% annually (Tahkamo et al., 2019). Urbanization has increased the 
density and distribution of artificial light in natural and urban environments (Bennie et 
al., 2015). The exposure rate of night time light is increasing due to the development and 
expansion of brightly lit metropolitan areas. The International Dark-Sky Association 
(IDA) estimated that 30% of all emitted light outside is wasted, which equals to about 22 
Terawatt Hours (TWh)/year of electrical energy wasted (IDA, 2008). In comparison, the 
energy wastage is equivalent to about 3.6 million tons of coal or to approximately 12.9 
million barrels of oil per year. The wasting of significant amount of electricity takes a toll 
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on plant life and harms the environment. The IDA claims that excessive night time 
lighting releases more than 12 million tons of carbon dioxide every year and it takes 
about 700 million trees to recycle that carbon dioxide (IDA, 2010). With increasing urban 
areas, there is a decrease in vegetation due to urban planning, thus less carbon dioxide 
recycling capacity of urban areas. A study conducted by Schirmer et al., mapped 
illuminated areas across Chicago and found that 36% of the greenspace in Chicago has 
photopollution with night time light levels that significantly impact wildlife behavior 
(2019). Moreover, photopollution increases greenhouse gases by reducing a natural 
nitrate radical in the atmosphere that cleans the air only during the night due to its 
sensitivity to sunlight (Holker et al., 2010). The nitrate radical assists in preventing the 
emissions from factories from becoming smog, ozone pollution, or other harmful irritants 
(Holker et al., 2010). An increase in photopollution does not help the current situation of 
decreased nitrate radical activity and can potentially lead to the hazy skies that further 
amplify the night time illuminance. Artificial light in urban areas can decrease the rate of 
atmospheric cleaning process by 7% and increase the atmospheric pollutants by 5% 
(Holker et al., 2010). As a result, there is increased harm to many of the living organisms 
occupying urban areas from increasing pollutants due to the amplification of night time 
illuminance. Our results revealed that a significant difference in behavior occurs from 
night time light that is greater than 6 lux and a small amount of light can surpass the 
significance threshold when atmospheric factors result in the amplification of night time 
light in urban areas. Differences in behavior of multiple species living in urban habitats 
can occur across the globe from photopollution and it is important to note that the 
disruptions in behavior are not limited to mammals with circadian rhythms. 
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Circadian disruptions have been linked to health issues, such as sleep disturbance, 
depression, disruption of the immune system, psychiatric disorders, gastrointestinal 
alterations, impact on the cardiovascular system, sleep and cognitive impairments, 
cancer, and obesity. It is also suggested that beneficial effects can be seen by restoring 
the disturbed circadian cycle in the patients who are suffering from infectious diseases, 
for example, sepsis. The health risks associated with this phenomenon are 
underappreciated and substantial research is needed to obtain a deeper understanding of 
how desynchronized circadian rhythms impact mammalian health. Further avenues of 
interest to obtain a better understanding of photopollution and its impact on living 
organisms, we can explore: neurotransmitter concentrations in mice with split and non-
split behaviors, variation in gender of subjects and the correlation to splitting behavior, or 
entrainment of rhythms to a specific, non-24-hour period. Furthermore, even slight dim 
light has adverse effects on the circadian system. It is vital to evaluate the impact of 
photopollution on natural systems, wildlife, circadian clocks, circadian cycles, and 
mammalian inhabitants of urban areas.  
 
32 
BIBLIOGRAPHY 
 
1. Abrahamson, E. E., & Moore, R. Y. (2001). Suprachiasmatic nucleus in the mouse: 
retinal innervation, intrinsic organization and efferent projections. Brain research, 
916(1-2), 172-191. 
2. Allan, J. S., & Czeisler, C. A. (1994). Persistence of the circadian thyrotropin 
rhythm under constant  conditions and after light-induced shifts of circadian phase. 
The Journal of Clinical Endocrinology & Metabolism, 79(2), 508-512. 
3. Bennie, J., Duffy, J. P., Davies, T. W., Correa-Cano, M. E., & Gaston, K. J. (2015). 
Global trends in exposure to light pollution in natural terrestrial ecosystems. Remote 
Sensing, 7(3), 2715-2730. 
4. Castro, J. P. M. V., Frussa-Filho, R., Fukushiro, D. F., Chinen, C. C., Abílio, V. C., 
& Silva, R. H. (2005). Effects of long-term continuous exposure to light on memory 
and anxiety in mice. Physiology & behavior, 86(1-2), 218-223. 
5. Cinzano, P., Falchi, F., & Elvidge, C. D. (2001). The first world atlas of the artificial 
night sky brightness. Monthly Notices of the Royal Astronomical Society, 328(3), 
689-707. 
6. Czeisler, C. A., Kronauer, R. E., Allan, J. S., Duffy, J. F., Jewett, M. E., Brown, E. 
N., & Ronda, J. M. (1989). Bright light induction of strong (type 0) resetting of the 
human circadian pacemaker. Science, 244(4910), 1328-1333. 
33 
7. Datta, S., Samanta, D., Tiwary, B., Chaudhuri, A. G., & Chakrabarti, N. (2019). Sex 
and estrous cycle dependent changes in locomotor activity, anxiety and memory 
performance in aged mice after exposure of light at night. Behavioural brain 
research, 365, 198-209. 
8. Duffy, J. F., & Czeisler, C. A. (2009). Effect of light on human circadian 
physiology. Sleep medicine clinics, 4(2), 165-177. 
9. Dengler, V., Westphalen, K., & Koeppen, M. (2015). Disruption of circadian 
rhythms and sleep in critical illness and its impact on innate immunity. Current 
pharmaceutical design, 21(24), 3469-3476. 
10. Eckle, T. (2015). Health impact and management of a disrupted circadian rhythm 
and sleep in critical illnesses. Current pharmaceutical design, 21(24), 3428. 
11. Emmer, K. M., Russart, K. L., Walker, I. I., William, H., Nelson, R. J., & DeVries, 
A. C. (2018). Effects of light at night on laboratory animals and research outcomes. 
Behavioral neuroscience, 132(4), 302. 
12. Enoki, R., Kuroda, S., Ono, D., Hasan, M. T., Ueda, T., Honma, S., & Honma, K. I. 
(2012). Topological specificity and hierarchical network of the circadian calcium 
rhythm in the suprachiasmatic nucleus. Proceedings of the National Academy of 
Sciences, 109(52), 21498-21503. 
13. Granada, A. E., Cambras, T., Díez-Noguera, A., & Herzel, H. (2011). Circadian 
desynchronization. Interface Focus, 1(1), 153-166. 
34 
14. Gooley, J. J. (2016). Circadian regulation of lipid metabolism. Proceedings of the 
Nutrition Society, 75(4), 440-450. 
15. Harrison, E. M., Walbeek, T. J., Sun, J., Johnson, J., Poonawala, Q., & Gorman, M. 
R. (2016). Extraordinary behavioral entrainment following circadian rhythm 
bifurcation in mice. Scientific reports, 6(1), 1-11. 
16. Hatori, M., Gronfier, C., Van Gelder, R. N., Bernstein, P. S., Carreras, J., Panda, S., 
... & Furukawa, T. (2017). Global rise of potential health hazards caused by blue 
light-induced circadian disruption in modern aging societies. npj Aging and 
Mechanisms of Disease, 3(1), 1-3. 
17. Herzog, E. D. (2007). Neurons and networks in daily rhythms. Nature Reviews 
Neuroscience, 8(10), 790-802. 
18. Hickie, I. B., Naismith, S. L., Robillard, R., Scott, E. M., & Hermens, D. F. (2013). 
Manipulating the sleep-wake cycle and circadian rhythms to improve clinical 
management of major depression. BMC medicine, 11(1), 79. 
19. Hölker, F., Moss, T., Griefahn, B., Kloas, W., Voigt, C. C., Henckel, D., ... & 
Franke, S. (2010). The dark side of light: a transdisciplinary research agenda for 
light pollution policy. Ecology and Society, 15(4). 
20. Horsey, E. A., Maletta, T., Turner, H., Cole, C., Lehmann, H., & Fournier, N. M. 
(2020). Chronic jet lag simulation decreases hippocampal neurogenesis and 
enhances depressive behaviors and cognitive deficits in adult male rats. Frontiers in 
Behavioral Neuroscience. 
35 
21. IDA: International Dark-Sky Association. (2010). Light pollution effects on wildlife 
and ecosystems. 
22. IDA: International Dark-Sky Association. (2008). Light pollution wastes energy and 
money. 
23. Juárez-Tapia, C., & Miranda-Anaya, M. (2017). Ovariectomy influences the 
circadian rhythm of locomotor activity and the photic phase shifts in the volcano 
mouse. Physiology & behavior, 182, 77-85. 
24. Karlsson, B., Knutsson, A., & Lindahl, B. (2001). Is there an association between 
shift work and having a metabolic syndrome? Results from a population-based study 
of 27 485 people. Occupational and environmental medicine, 58(11), 747-752. 
25. Kecklund, G., & Axelsson, J. (2016). Health consequences of shift work and 
insufficient sleep. Bmj, 355, i5210. 
26. Kim, H. J., Choi, S., Kim, K., Park, H., Kim, K. H., & Park, S. M. (2019). 
Association between misalignment of circadian rhythm and obesity in Korean men: 
Sixth Korea National Health and Nutrition Examination Survey. Chronobiology 
international, 1-9. 
27. Klein, D. C., Moore, R. Y., & Reppert, S. M. (1991). The suprachiasmatic nucleus 
and the circadian timing system. In Suprachiasmatic nucleus: the mind's clock (pp. 
13-15). Oxford University Press New York. 
28. Knutsson, A. (2003). Health disorders of shift workers. Occupational medicine, 
53(2), 103-108. 
36 
29. Kumar, P., Ashawat, M. S., Pandit, V., & Sharma, D. K. (2019). Artificial Light 
Pollution at Night: A Risk for Normal Circadian Rhythm and Physiological 
Functions in Humans. Current Environmental Engineering, 6 (2), 111-125. 
30. Kabada, D. (2018). Big Cities, Bright Lights: Ranking the Worst Light Pollution on 
Earth. The Revelator, Retrieved from therevelator.org/cities-ranked-light-pollution/. 
31. Loss, S. R., Will, T., Loss, S. S., & Marra, P. P. (2014). Bird–building collisions in 
the United States: Estimates of annual mortality and species vulnerability. The 
Condor, 116(1), 8-23. 
32. Lusczek, E. (2019). Metabolomics identifies circadian desynchronization and 
distinct intra-patient variability patterns in critical illness. 
33. Man, A. W., Xia, N., Daiber, A., & Li, H. (2019). The roles of gut microbiota and 
circadian rhythm in the cardiovascular protective effects of polyphenols. British 
journal of pharmacology. 
34. Matsumura, T., Nakagawa, H., Suzuki, K., Ninomiya, C., & Ishiwata, T. (2015). 
Influence of circadian disruption on neurotransmitter levels, physiological indexes, 
and behaviour in rats. Chronobiology international, 32(10), 1449-1457. 
35. Navara, K. J., & Nelson, R. J. (2007). The dark side of light at night: physiological, 
epidemiological, and ecological consequences. Journal of pineal research, 43(3), 
215-224. 
36. Noguchi, T., Wang, L. L., & Welsh, D. K. (2013). Fibroblast PER2 circadian 
rhythmicity depends on cell density. Journal of biological rhythms, 28(3), 183-192. 
37 
37. Nudell, V., Wei, H., Nievergelt, C., Maihofer, A. X., Shilling, P., Alda, M., ... & 
Covault, J. M. (2019). Entrainment of Circadian Rhythms to Temperature Reveals 
Amplitude Deficits in Fibroblasts from Patients with Bipolar Disorder and Possible 
Links to Calcium Channels. Molecular neuropsychiatry, 5(2), 115-124. 
38. Perry, G., Buchanan, B. W., Fisher, R. N., Salmon, M., & Wise, S. E. (2008). Effects 
of artificial night lighting on amphibians and reptiles in urban environments. Urban 
herpetology, 3, 239-256. 
39. Phillips, A. J., Vidafar, P., Burns, A. C., McGlashan, E. M., Anderson, C., 
Rajaratnam, S. M., ... & Cain, S. W. (2019). High sensitivity and interindividual 
variability in the response of the human circadian system to evening light. 
Proceedings of the National Academy of Sciences, 116(24), 12019-12024. 
40. Pittendrigh, C. S. & Daan, S., (1976). A functional analysis of circadian pacemakers 
in nocturnal rodents. Journal of comparative physiology, 106(3), 267-290. 
41. Puchalski, W., & Lynch, G. R. (1991). Expression of circadian rhythmicity in 
Djungarian hamsters under constant light: effects of light intensity and the circadian 
system's state. Journal of Comparative Physiology A, 169(2), 185-189. 
42. Pun, C. S. J., & So, C. W. (2012). Night-sky brightness monitoring in Hong Kong. 
Environmental monitoring and assessment, 184(4), 2537-2557. 
43. Rich, C., & Longcore, T. (Eds.). (2013). Ecological consequences of artificial night 
lighting. Island Press 
38 
44. Schirmer, A. E., Gallemore, C., Liu, T., Magle, S., DiNello, E., Ahmed, H., & 
Gilday, T. (2019). Mapping behaviorally relevant light pollution levels to improve 
urban habitat planning. Scientific reports, 9(1), 1-13. 
45. Schmal, C., Herzog, E. D., & Herzel, H. (2018). Measuring relative coupling 
strength in circadian systems. Journal of biological rhythms, 33(1), 84-98. 
46. Schwartz, W. J., Gross, R. A., & Morton, M. T. (1987). The suprachiasmatic nuclei 
contain a tetrodotoxin-resistant circadian pacemaker. Proceedings of the National 
Academy of Sciences, 84(6), 1694-1698. 
47. Silver, R., LeSauter, J., Tresco, P. A., & Lehman, M. N. (1996). A diffusible 
coupling signal from the transplanted suprachiasmatic nucleus controlling circadian 
locomotor rhythms. Nature, 382(6594), 810-813. 
48. Silver, A. C., Arjona, A., Walker, W. E., & Fikrig, E. (2012). The circadian clock 
controls toll-like receptor 9-mediated innate and adaptive immunity. Immunity, 
36(2), 251-261. 
49. Stenvers, D. J., Van Dorp, R., Foppen, E., Mendoza, J., Opperhuizen, A. L., Fliers, 
E., ... & Deboer, T. (2016). Dim light at night disturbs the daily sleep-wake cycle in 
the rat. Scientific reports, 6, 35662. 
50. Szczepanik, M. (2007). Melatonin and its influence on immune system. Journal of 
Physiology and Pharmacology, 58(6), 115-124. 
39 
51. Tähkämö, L., Partonen, T., & Pesonen, A. K. (2019). Systematic review of light 
exposure impact on human circadian rhythm. Chronobiology international, 36(2), 
151-170. 
52. Taylor, K., & Silver, L. (2019). Smartphone ownership is growing rapidly around 
the world, but not always equally. Pew Research Center. 
53. Welsh, D. K., Takahashi, J. S., & Kay, S. A. (2010). Suprachiasmatic nucleus: cell 
autonomy and network properties. Annual review of physiology, 72, 551-577. 
54. Yoshikawa, T., Inagaki, N. F., Takagi, S., Kuroda, S., Yamasaki, M., Watanabe, M., 
... & Honma, K. I. (2017). Localization of photoperiod responsive circadian 
oscillators in the mouse suprachiasmatic nucleus. Scientific reports, 7(1), 1-13.
40 
APPENDIX 
Figure 1: LOCOMOTOR ACTIVITY OF C57BL/6J MICE 
41 
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